Spinal muscular atrophy (SMA) is a progressive neurodegenerative disease affecting lower motor neurons. SMA is caused by mutations in the Survival Motor Neuron 1 (SMN1) gene, which result in reduced levels of functional SMN protein. Biochemical studies have linked the ubiquitously expressed SMN protein to the assembly of premRNA processing U snRNPs, raising the possibility that aberrant splicing is a major defect in SMA. Accordingly, several transcripts affected upon SMN deficiency have been reported. A second function for SMN in axonal mRNA transport has also been proposed that may likewise contribute to the SMA phenotype. The underlying etiology of SMA, however, is still not fully understood. Here, we have used a combination of genomics and live Ca 21 imaging to investigate the consequences of SMN deficiency in a zebrafish model of SMA. In a transcriptome analyses of SMN-deficient zebrafish, we identified neurexin2a (nrxn2a) as strongly down-regulated and displaying changes in alternative splicing patterns. Importantly, the knock-down of two distinct nrxn2a isoforms phenocopies SMN-deficient fish and results in a significant reduction of motor axon excitability. Interestingly, we observed altered expression and splicing of Nrxn2 also in motor neurons from the Smn 2/ 2 ;SMN2
INTRODUCTION
Spinal muscular atrophy (SMA) is a common autosomal recessive neurodegenerative disease characterized by degeneration of lower a-motor neurons (MN) in the spinal cord (1) . The loss of MNs leads to progressive muscle weakness, paralysis and eventual death, particularly in infants (2) . SMA patients display homozygous loss of the Survival of Motor Neuron 1 (SMN1) gene (1) but retain varying numbers of a second copy SMN2. This second allele is almost identical to SMN1 except for a silent C to T substitution in exon 7 (1, 3) , which leads to increased exon 7 skipping (4, 5) . As a consequence, hypothesis builds on SMN's role in the assembly of RNAprotein complexes of the pre-mRNA processing system (U snRNPs). These complexes form essential parts of the major and minor spliceosome (12) (13) (14) (15) and hence establish a link to the production of mature mRNA molecules (16, 17) . It has been proposed that reduced U snRNP assembly could affect splicing of transcripts important for MN function (18) . Consistent with this notion, introduction of purified U snRNPs can rescue axonal phenotypes observed upon SMN knock-down in a zebrafish model of SMA (19) . Also, snRNP levels are strongly reduced in severe SMA mice (Smn 2/2 ;SMN2 +/+ ), mildly reduced in mild SMA carrier mice (Smn +/2 ;SMN2 +/+ ) and restored to normal levels in phenotypically rescued SMN2tg mice (SMN2 +/2 ; SMN2(566) +/2 ;Smn 2/2 ) (20) . This suggests that snRNP assembly controlled by SMN is critical for the development of the SMA phenotype. Recent reports furthermore showed that reduced levels of SMN preferentially affect splicing of minor spliceosomedependent U12 intron containing transcripts (18, 21, 22) . Interestingly, it was reported that one affected transcript, Stasimon, is not required in MNs, but in sensory and interneurons suggesting non-cell autonomous mechanisms causative for motor circuit defects in a Drosophila model of SMA (21, 23) . This suggests that certain transcripts may be more susceptible to aberrant splicing in cell types critical for MN function.
An alternative hypothesis involving MN-specific functions of SMN independent of U snRNP assembly has been proposed (11) . SMN is expressed in MNs and can be found in growth cones in vitro (24, 25) , notably without co-localization of Sm proteins (26) . SMN forms complexes with hnRNP R and other members of the hnRNP family (25) . In association with hnRNP R, it contributes to translocation of b-actin mRNA and possibly other mRNAs along motor axons to growth cones (27) . SMA mice show reduced hnRNP R and b-actin levels in motor axons suggesting a possible role of SMN in axonal transport of b-actin mRNA required for local translation at growth cones (27) . SMA has been proposed to be a neuromuscular junction (NMJ) synaptopathy, where NMJ denervation precedes neurodegeneration (28 -30) . Pre-synaptic defects reported at the NMJ of SMA mice include abnormal synaptic transmission, reduced quantal content (28, 29) and altered pre-synaptic intraterminal Ca 2+ levels during repetitive stimulation (31) . Defective clustering of N-type voltage-gated calcium channels (VGCCs) has also been observed in growth cones of primary SMA mouse MNs in culture and these MNs exhibited reduced spontaneous excitability and reduced local Ca 2+ transients at their axon terminals (32) . Importantly, however, there has been no evidence of a mechanistic link between aberrant splicing of transcripts downstream of SMN and the reduced pre-synaptic axon excitability observed in SMA.
Here, we used transcriptome analysis in a zebrafish model for SMA to identify neurexin 2 (nrxn2), encoding a pre-synaptic membrane protein important for neurotransmitter release as a new mRNA target in SMN deficiency. In both zebrafish and mouse models of SMA, nrxn2 exhibits changes in expression and alternative splicing patterns upon SMN knock-down. Importantly, reduced levels of nrxn2a phenocopy defects of reduced motor axon excitability observed after SMN knockdown. We propose that aberrant splicing of nrxn2a caused by SMN deficiency is involved in mediating pre-synaptic MN defects in SMA.
RESULTS

Transcriptome analysis identifies nrxn2a as target for SMN in zebrafish
SMN forms a complex with Gemin2 during assembly of spliceosomal U snRNPs (12, 14, 15, 33) . Knock-down of either or both proteins leads to reduced snRNP levels in vitro and in vivo (18, 34, 35) . This is thought to result in aberrant pre-mRNA splicing with subsequent degradation of wrongly spliced transcripts by nonsense-mediated mRNA decay (NMD) (36, 37) . To identify down-regulated transcripts under SMN-and Gemin2-deficient conditions on a global scale, microarrays were performed using cDNA from SMN Morpholino (MO), Gemin2 MO-and Control MO-injected zebrafish embryos at 48 hours post fertilization (hpf). Transcripts down-regulated after knockdown of both SMN and Gemin2 were identified and further validated. Six biological replicates were performed for SMN MO and seven biological replicates performed for Gemin2 MO. The number of annotated transcripts with significant fold changes was 1545 and 1178 for SMN and Gemin2, respectively; 737 significantly dysregulated transcripts overlapped between the SMN MO and Gemin2 MO arrays. This overlapping pool of transcripts was analyzed for potential candidates based on the criteria of expression in MNs or in neurons, involved in synaptic transmission, related to NMJ, or related to calcium channels/cation channels. After database searches (PubMed, ZFIN, OMIM) for known biological functions, 33 potential candidate genes (Table 1) were shortlisted for further validation by qRT -PCR (primers listed in Supplementary Material, Table S2 ); 19 out of 33 (76.0%) genes displayed transcriptional changes consistent with the microarray results. Genes that exhibited significant down-regulation after SMN MO knock-down in both microarray and qRT -PCR were shortlisted for functional validation. Among these candidates, we identified neurexin2a (nrxn2a), which belongs to a family of neuron-specific cell surface proteins present at the pre-synaptic terminal (38) . These bind to postsynaptic membrane proteins such as neuroligin and dystroglycan (39) (40) (41) and act as pre-synaptic cell adhesion molecules (39, 42) . a-Nrxns functionally couple voltage-gated Ca 2+ channels to synaptic vesicle exocytosis (43, 44) and are essential for Ca 2+ -triggered neurotransmitter release at the NMJ synapse (45) . In zebrafish, the nrxn family consists of nrxn1a, nrxn1b, nrxn2a, nrxn2b, nrxn3a and nrxn3b, as orthologs of mammalian Nrxn1, Nrxn2 and Nrxn3 genes, respectively, with a high degree of sequence homology and protein domain conservation (46) .
In microarrays, nrxn2a was down-regulated by 3.17-fold (P ¼ 0.005) in SMN MO (Table 1) and by 2.43-fold (P ¼ 0.011) in Gemin2 MO-injected embryos (Table 1) . Zebrafish nrxn2a has two isoforms generated by alternative promoter usage, a long a-isoform (nrxn2aa) and a short b-isoform (nrxn2ab) (Fig. 1A and B) , which are orthologs of Nrxn2a and Nrxn2b in mammals, respectively (46) . Nrxn2aa encodes a deduced N-terminal signal peptide and three modular repeats of two laminin -neurexin -sex hormone (LNS) domains flanking an epidermal growth factor (EGF)-like domain that comprise its extracellular domain, followed by a predicted O-glycosylation region, a transmembrane domain and a conserved cytoplasmic domain (Fig. 1C) , equivalent to the mammalian situation (48) . Nrxn2ab has a similar deduced C-terminal protein organization but a smaller extracellular domain with an atypical N-terminal signal peptide and a short unique amino acid sequence (Fig. 1D) , as in mammals (48, 49) . As the probes used in our microarrays were designed against the 3 ′ ends of transcripts, it was not possible to discriminate the two nrxn2a isoforms containing identical 3 ′ termini by microarray analysis. Thus, to confirm down-regulation and to assess if there was any isoform-specific difference in expression levels, qRT -PCR primers specific for each nrxn2a isoform were designed (Supplementary Material, Table S2 ). qRT-PCR analysis showed that both nrxn2aa and nrxn2ab isoforms were significantly down-regulated in SMN MO (P-value ,0.0001) compared with Control MO-injected embryos ( Fig. 1E and F; Table 2 ), which was consistent with the significant down-regulation observed in the microarray analysis (Table 1) . nrxn2aa was downregulated to a greater extent (3.03-fold, P , 0.0001; Fig. 1E , Table 2 ) compared with nrxn2ab (1.87-fold, P , 0.0001; Fig. 1F , Table 2 ). This suggests an isoform-specific difference of nrxn2a transcript levels after knock-down of SMN.
Neurexin transcripts have been reported to be highly alternatively spliced with thousands of possible isoforms having different functions and synaptic coupling properties (48, (50) (51) (52) . The splicing patterns of nrxn2a are known to be altered when neurons are depolarized, particularly at alternative splice site 1 and alternative splice site 3 (SS3) (51) . It was shown in rat neuronal cultures that the exclusion of a particular exon at SS3 depends on the levels of Ca 2+ present (51) . We, therefore, tested whether there was any similar change in splicing patterns at SS3 in nrxn2aa transcripts under SMN-deficient conditions in zebrafish ( Fig. 2A ). There was a significantly stronger down-regulation of PCR products including exon 12 (45.96% + 6.338% SEM), compared with the down-regulation of products excluding exon 12 in SMN MO (62.42% + 17.26% SEM) when normalized to the control MO situation ( Fig. 2B and C) . Exon 12 skipping at SS3 in nrxn2aa was further validated using qPCR with primers to detect the presence of exon 12 and the overall transcript levels of nrxn2aa. By this, normalized intensity ratios of exon 12/total nrxn2aa were obtained. This provided an accurate assessment of the extent of alternative splicing in the presence of global reduction of nrxn2aa in SMN MO. We observed a significant reduction (P , 0.05) in normalized intensity ratio in SMN MO (0.739 + 0.0965 SEM, n ¼ 4 biological replicates) compared with Gemin2 MO (1.192 + 0.140 SEM, n ¼ 4 biological replicates) or Control MO (Fig. 2D) . Together, this strongly suggests that there is elevated exon 12 skipping of nrxn2aa under SMN-deficient conditions, which indicates that reduced levels of SMN are able to affect the splicing patterns of nrxn2aa. Surprisingly, a Gemin2 knock-down resulted only in weak, but not significant changes of exon 12 skipping at SS3 of nrxn2aa ( Fig. 2B and C) . Taken together, transcriptome analysis in a zebrafish SMA model identified nrxn2a as a strongly down-regulated and aberrantly spliced target opening the possibility that nrxn2a could mediate the MN defects observed after SMN knock-down. Expression of nrxn2a isoforms in the zebrafish nervous system
We next tested, whether both nrxn2a isoforms are expressed in zebrafish MNs to test their relevance for a MN-related SMA phenotype. No expression patterns for nrxn2a have so far been reported in zebrafish, but nrxn1a is expressed in the zebrafish central nervous system and in endothelial cells (53) . We designed isoform-specific riboprobes and found that both isoforms are expressed robustly in various regions of the central nervous system (CNS) including telencephalon, mesencephalon, hindbrain and spinal cord ( Fig. S1C and D). The expression of both nrxn2a isoforms in the spinal cord appeared to be strongest at 24 hpf (Fig. 3C,D ) but was reduced from 31 hpf onwards ( Fig. 3G and H) . The high levels of expression in neurons within the spinal cord at 24 hpf is coincident with the timing of NMJ synaptogenesis (46, 54) . This opens the possibility that nrxn2a isoforms are involved in the formation or development of NMJ synapses.
We observed spatial and temporal differences in expression patterns between the two isoforms at 20 (Supplementary Material, Fig. S1A and B), 24 ( Fig. 3A and B) , 31 ( Fig. 3G and H) and 48 hpf (Supplementary Material, Fig. S1C and SD). nrxn2aa is strongly expressed in the telencephalic and midbrain regions ( Fig. 3A and C) , and spinal cord expression appeared to be Figure 1 . Isoform-specific differences in coding sequence, protein domains and down-regulation by SMN knock-down between nrxn2aa and nrxn2ab. (A) The Nrxn2aa isoform contains 24 exons comprising 5013 bp, with coding sequence for 1670 amino acids. (B) The Nrxn2ab isoform contains 7 exons comprising 4333 bp, with coding sequence for 642 amino acids. Exon 1 of nrxn2ab corresponds to a region of intron 18 of nrxn2aa. (C) nrxn2aa has a larger extracellular domain than nrxn2ab and consists of three modular repeats of LNS-EGF-LNS domain and a common C terminal structure with nrxn2ab (47). (D) nrxn2ab consists of a unique signal peptide sequence followed by a similar structure of the sixth LNS domain, O-Glycosylated region, transmembrane domain and intracellular PDZ domain found in both isoforms. (E and F) Validation by real-time qRT-PCR shows that nrxn2aa is down-regulated to a greater extent than nrxn2ab after knock-down of SMN (schematic drawings not to scale).
restricted to the anterior region at 24 hpf ( Fig. 3C and E) . nrxn2ab is more strongly expressed in the spinal cord at 24 hpf ( Fig. 3B and D) and does not appear to be restricted to the anterior regions but displayed a more uniform expression in the spinal cord (Fig. 3F) . The isoform-specific expression patterns suggest a difference in regulation and function of both isoforms during development. We found that both nrxn2aa and nrxn2ab are expressed in regions of the spinal cord containing MN and Rohon Beard sensory neurons (RB) (Fig. 3F, inset) . To confirm expression in MNs, fluorescent in situ hybridization of nrxn2aa (Supplementary Material, Fig. S1E ) and nrxn2ab ( Fig. 3I and J ) was performed together with whole mount immunostaining using an a-isl1 antibody, which labels MN and RB sensory neurons, as well as some ventral interneurons (Fig. 3K) . Both nrxn2aa and nrxn2ab showed co-localization with isl1 in MN and RB (Fig. 3L, Supplementary Material, Fig. S1E, asterisks) . This demonstrates that both nrxn2a isoforms are expressed in MNs in zebrafish and likely in other subtypes of neurons as well.
Knock-down of nrxn2a results in motor axon defects and phenocopies SMN defects Next, we assessed the effects of nrxn2a knock-down on MNs by using splice-blocking antisense Morpholino Oligos (MOs). As controls, mismatch MOs (MM) were designed containing five C-G base pair replacements, having identical length, Tm and C-G content, but being unable to target the original splice junction (55) (Supplementary Material, Table 1 ). Distinct MOs were designed to knock-down each splice isoform specifically (Supplementary Material, Fig. S2A and B) . For nrxn2aa, the MOs were designed against exon 1 -intron 1 and intron 1 -exon 2 splice junctions, and named nrxn2a MO1 and nrxn2a MO2, respectively (Supplementary Material, Fig. S2A ). Owing to use of a different promoter and ATG start codon, the sequence of exon 1 of nrxn2ab corresponds to a portion of intron 18 sequence found in nrxn2aa (Fig. 1A) . For nrxn2ab, the MOs were designed against exon 1 -intron 1 and the intron 1 -exon 2 splice junctions, and named nrxn2a MO3 and nrxn2a MO4, respectively (Supplementary Material, Fig. S2B ). By targeting the exon 1 -intron 1 boundary of nrxn2ab, MO3 specifically affects pre-mRNA splicing of nrxn2ab, but not that of nrxn2aa (Supplementary Material, Fig. S2B ). MO4 is able to bind both nrxn2aa and nrxn2ab transcripts, thus blocking splicing of both isoforms. The efficiency of splice blocking was confirmed by RT -PCR (Supplementary Material, Fig. S2C ).
Earlier reports have shown that the knock-down of SMN in zebrafish leads to truncation and branching of caudal primary (CaP) motor axons (19, 56) . We repeated the SMN knock-down using the published MO sequence (Supplementary Material, Table 1 ). As expected, we observed a significant increase (P , Fig. S3B ). As the a-znp1 antibody used in this study specifically labels synaptotagmin 2 on motor axons and not the entire CaP axon (47) , it is possible that the truncation and branching defects observed by znp-1 immunohistochemistry were restricted to the pre-synaptic terminals, whereas the remaining parts of the axons were still intact. To test this, a HB9:mCherry transgenic line was generated to label primary MNs with a cytoplasmic mCherry fluorescent reporter. Confocal imaging of live HB9:mCherry embryos injected with MO3+4 confirmed that the knock-down of Nrxn2a results in truncation and bifurcation defects of CaP axons ( Fig. 4F-H ). Identical phenotypes were observed upon injection of individual MOs ( Fig. 4F and I) or in combination ( Fig. 4G and H) , which suggests that knock-down of each individual isoform produces similar phenotypes. The mismatch morpholino MM4 was used as a control and showed no significant difference in the percentage of CaP axon defects between MM4-injected embryos (13.37 + 2.707% SEM, n ¼ 150 embryos) and uninjected controls (14.82 + 2.093% SEM, n ¼ 524 embryos), while the increase of CaP axon defects was significant in MO4-injected embryos (70.52 + 4.187% SEM, n ¼ 316 embryos) ( Fig. 4I and M) . The overall morphology of the nrxn2a MO-injected embryos as well as somite and spinal cord development appeared normal ( Fig. 4O ) and the observed defects did not appear to be due to developmental delay or general deformation. To ensure that the CaP axon phenotypes are specific for the knock-down of nrxn2a, we tested whether over-expression of full-length nrxn2ab mRNA could rescue axonal phenotypes in nrxn2a morphants. Co-injection of nrxn2a MO4 with fulllength nrxn2ab mRNA (Fig. 4K ) reduced the percentage of embryos with CaP axon defects (27.04 + 7.549% SEM, n ¼ 95 embryos) when compared with embryos injected with MO4 alone (59.90 + 5.696% SEM, n ¼ 86 embryos) (Fig. 4N) . The CaP axons in the rescued embryos had normal extensions and did not appear to have any morphological defects (Fig. 4K) . The injection of full-length nrxn2ab mRNA alone (Fig. 4L ) did not result in any significant appearance (P . 0.05) of CaP axon defects (27.92 + 5.276% SEM, n ¼ 92 embryos) when compared with uninjected controls (15.35 + 5.764% SEM, n ¼ 83 embryos) ( Fig. 4I and N) . This suggests that overexpression of nrxn2ab was able to rescue the phenotypes of the nrxn2a knock-down. As an additional control, we also tested the hypothetical possibility that nrxn2a defects can be rescued by SMN over-expression. As expected, we found no rescue of CaP axon phenotypes in nrxn2a morphants with simultaneously overexpressed SMN consistent with the idea that nrxn2a acts downstream of SMN (Supplementary Material, Fig. 3G , arrowheads, arrow). There was no significant difference in the percentage of CaP axon defects in embryos co-injected with SMN mRNA and nrxn2a MO4 (83.39 + 9.089% SEM, n ¼ 104 embryos) when compared with nrxn2a MO4-injected embryos (72.33 + 1.024% SEM, n ¼ 91 embryos) (Supplementary Material, Fig. S3H ). We next asked whether the injection of nrxn2a mRNA could rescue CaP axon phenotypes observed in SMN MO embryos. Owing to inherent limitations in producing long mRNA transcripts in vitro with efficient 5 ′ capping, it was not possible to obtain functional nrxn2aa mRNA (5013 nt) in sufficient amounts. Therefore, we chose the shorter full-length nrxn2ab mRNA (1926 nt) for the rescue experiment. Notably, co-injection of SMN MO with nrxn2ab mRNA significantly reduced the percentage of embryos with CaP axon defects (51.39 + 6.05% SEM, n ¼ 78 embryos) compared with SMN MO-injected embryos (75.43 + 2.18% SEM, n ¼ 94 embryos) (Fig. 4U -Y) . The rescued embryos had normal CaP axon extensions that were similar to uninjected controls ( Fig. 4U and W) . Taken together, this partial rescue of SMN morphants by nrxn2ab mRNA injection strongly suggests that nrxn2a acts as a downstream mediator of SMN.
Knock-down of nrxn2a results in delayed axon outgrowth and reduced Ca 21 influx at pre-synaptic axon terminals in zebrafish It has been reported that truncated CaP axons in SMN morphants retain their ability to extend beyond the choice point and eventually grow ventrally toward the second intermediate target but remain truncated and eventually branch at later stages (56) . To check if there were similar effects after nrxn2a knock-down, time lapse live imaging of HB9:mCherry transgenic line was employed and showed that the truncated axons of nrxn2a MO-injected embryos were still able to extend past the choice point and were able to grow ventrally toward the target and remain truncated (Fig. 4Q-T, arrowhead) . This indicated that the nrxn2a knock-down did not result in complete and irreversible axon outgrowth defects but suggests that the truncated CaP axons pause at the choice point for a longer duration than normal, before resuming its axonal growth activity. The first NMJ synapses are formed at the choice point between 20 and 24 hpf, after which the axons resume their growth toward ventral targets (54, 57) . The delay in axon outgrowth observed both in SMN and nrxn2a morphants opens the possibility that there are defects in NMJ synapse establishment or stability, leading to defective synaptic transmission and causing the CaP axons to pause for a longer period under SMN-and nrxn2a-deficient conditions.
Abnormal synaptic transmission as well as a significant reduction in quantal content has been reported in SMA mouse models (28, 29) . Consistent with this, we showed an approximate 2-fold reduction of evoked Ca 2+ influx into the pre-synaptic motor axon terminal upon glutamate stimulation in a zebrafish model of SMA in vivo (See and Winkler; HMG under revision). On the other hand, a-neurexins are required for neurotransmitter release at the NMJ (45) and perform an essential role of functionally coupling Ca 2+ channels to the exocytosis of synaptic vesicles (43) . We therefore tested whether the knock-down of nrxn2a can phenocopy the SMN defect and results in similar reduced evoked Ca 2+ influx into the pre-synaptic axon terminal and reduced motor axon excitability. For this, live Ca 2+ imaging was employed on nrxn2a MO4 and control MM4 injected as well as uninjected embryos of the HB9:D3cpv/MNsensor line (See and Winkler; HMG under revision).
After knock-down of both nrxn2a isoforms, we observed a significant reduction (P , 0.0001) of the average magnitude of evoked Ca 2+ influx into the pre-synaptic axon terminal after glutamate stimulation in nrxn2a MO4-injected embryos (20.86 + 1.592% SEM, n ¼ 31 recordings) (Fig. 5B) , compared with uninjected controls (41.03 + 6.017% SEM, n ¼ 13 recordings) (Fig. 5A ) or MM4-injected embryos (34.37 + 3.859% SEM, n ¼ 18 recordings) (Fig. 5C-E) . There was an approximate 2-fold reduction in the average magnitude of evoked Ca 2+ influx in nrxn2a MO4-injected embryos ( Fig. 5D and E) , which was similar to the situation observed in pre-synaptic axon terminals under SMN-deficient conditions (See and Winkler; HMG under revision). To test if the defect is specific for the presynaptic axon terminal, Ca 2+ imaging was performed on the cell body of nrxn2a MO4 injected as well as uninjected embryos. We observed no significant difference between the average magnitude of Ca 2+ response in the cell body of nrxn2 MO4 injected (10.620 + 1.190 SEM, n ¼ 9 recordings) compared with uninjected embryos (11.771% + 1.206 SEM, n ¼ 12 recordings) (Fig. 5F ). This suggests that the defect in Ca 2+ response is restricted to the pre-synaptic axon terminal, which is strikingly consistent with phenotypes observed in SMN deficiency (See and Winkler; HMG under revision). Taken together, this strongly suggests that knock-down of nrxn2a can phenocopy the knock-down of SMN and leads to reduced excitability of the pre-synaptic axon terminal in vivo.
Nrxn2a shows altered expression in a SMA mouse model
To investigate whether SMN deficiency also leads to alterations in the expression of neurexin isoforms in a mammalian model of SMA, we investigated Nrxn2 expression in Smn 2/2 ; SMN2 mice. These mice express two copies of the human SMN2 gene on a mouse Smn null background and thus resemble the most severe form of SMA in humans (7) . Affected mice show severe signs of paralysis at birth, and only few of these animals survive up to 5 days after birth. Interestingly, the number of MN cell bodies in the spinal cord is only mildly reduced at pre-final stages of disease indicating that the severe paralysis found in this mouse model is not caused by increased rates of cell death but by alterations in axons and neurotransmission at the neuromuscular endplate. Isolated MNs from Smn 2/2 / SMN2 mouse embryos survive in culture similarly as wild-type MNs in the presence of neurotrophic factors, but they show significantly shorter axons and smaller growth cones after 7 days in culture (Fig. 6A) (27) . Furthermore, abnormalities in spontaneous excitability are observed that predominantly affect the axons (32) . This corresponds to altered clustering of VGCCs in axonal growth cones (32) .
In a first approach, we investigated Nrxn2 expression in MNs of Smn 2/2 /SMN2 mice that were isolated at embryonic day 13.5 (E13.5) and cultured for 7 days in vitro. 
As control, expression levels of Nrxn1a and Nrxn3a were investigated at P2 by qRT -PCR revealing that Nrxn1a and Nrxn3a are unaltered (Nrxn1a: 91.4 + 2.1%; t ¼ 3.999, df ¼ 2, P ¼ 0.0572; Nrxn3a: 96.8 + 0.5%; t ¼ 5.301, df ¼ 2, P ¼ 0.0338; n ¼ 3). This indicates that the effect is specific for Nrxn2 mRNA (Fig. 6C-E) . Defects in axon elongation and excitability in Smn 2/2 /SMN2 MNs are normally not observed within the first 3 or 4 days of culture, when MNs are isolated from embryonic day 13.5 or E14 Smn 2/2 / SMN2 mouse spinal cords (27) . These defects develop only between Day 4 and 7 in culture, and thus possibly reflect a later developmental stage when MNs have already contacted skeletal muscle in vivo and when the pre-synaptic terminals differentiate to form functional neuromuscular endplates. Therefore, we investigated the expression of Nrxn2a and Nrxn2b in MNs at P2, a stage corresponding to MNs isolated at E14 and cultured for an additional 7 or 8 days. Interestingly, in these Smn 2/2 /SMN2 spinal MNs microdissected at P2, a .40% reduction of Nrxn2a expression was observed (Nrxn2a: 51.6 + 1.5%; t ¼ 31.86, df ¼ 2, P ¼ 0.0010; n ¼ 3) (Fig. 6F-G) , which is consistent with the effect observed in zebrafish (Fig. 1) . Conversely, Nrxn2b expression was not altered (Nrxn2b: 164.1 + 37.8%; t ¼ 1.696, df ¼ 2, P ¼ 0.2320; n ¼ 3). These data indicate that Nrxn2 expression is altered in (K) Over-expression of full-length nrxn2ab mRNA (50 ng/ml) is able to rescue the phenotypes caused by knock-down of nrxn2a. (L) Full-length nrxn2ab mRNA alone did not cause any CaP axon phenotypes. (M) Summary graph showing significant increase in percentage of embryos with CaP axon defects in MO4-injected embryos (n ¼ 316 embryos) compared with uninjected controls (n ¼ 524 embryos) and MM4-injected embryos (n ¼ 150 embryos). (N) Over-expression of nrxn2ab mRNA rescues the phenotype in nrxn2a MO4 injected. There is a significant reduction in the percentage of embryos with CaP axon defects in nrxn2a MO4+nrxn2ab mRNA coinjected embryos (n ¼ 95 embryos) compared with MO4-injected embryos (n ¼ 86 embryos). There was no significant difference in the percentage of embryos with phenotypes between coinjected embryos, mRNA-injected embryos (n ¼ 92 embryos) or uninjected controls (n ¼ 83 embryos). (O and P) Development of somites, spinal cord and overall morphology was normal in nrxn2a MO-injected embryos. (Q-T) Truncated axon (arrowhead) in nrxn2a MO-injected embryos can still extend ventrally after pausing at choice point. Images from timelapse video of 29 hpf to 31 hpf nrxn2a MO4-injected HB9:mCherry. (U-Y) Rescue of CaP axon phenotypes in SMN MO by co-injection of nrxn2ab mRNA (50 ng/ml). Axon phenotype in non-injected control embryo (U), SMN MO (V), SMN MO and nrxn2ab mRNA co-injected (W) as well as nrxn2ab mRNA-injected embryo (X). There was a significant reduction of axon defects in co-injected embryos (y; n ¼ 78 embryos) compared with SMN MO-injected embryos (n ¼ 94 embryos). There was no significant difference between co-injected embryos and uninjected controls (35.55 + 7.78% SEM, n ¼ 94 embryos) or nrxn2ab mRNA-injected embryos (35.85 + 7.80% SEM, n ¼ 83 embryos). Data were obtained from at least three-independent biological replicates. both zebrafish and mouse SMA models albeit with possible species-specific differences.
As mentioned before alterations in the splicing pattern of neurexins have been reported in several cases (51, (58) (59) (60) . We therefore tested whether in analogy to the situation of elevated nrxn2aa exon 12 skipping in SMN-deficient zebrafish (Fig. 2) , the corresponding exon 11 of mouse Nrxn2a is similarly affected in Smn 2/2 /SMN2 mice. Therefore, we designed primers flanking exon 11 and isolated cDNA from P2 Smn 2/2 /SMN2 spinal cords. We observed a reduction in both exon 11 including and exon 11 excluding PCR products. Interestingly, however, the levels of exon 11 including transcripts were significantly reduced to a larger extent than those of exon11 excluding transcripts ( Fig. 6H and I ; Nrxn2a exon11 including transcript: 35.7 + 14.8%; t ¼ 4.327, df ¼ 3, P ¼ 0.0228; Nrxn2a exon11 excluding transcript: 61.6 + 18.7%; t ¼ 2.044, df ¼ 3, P ¼ 0.1336.; n ¼ 4). This was confirmed by qRT -PCR using primers to detect Nrxn2a exon11 levels relative to total Nrxn2a transcripts. A significant reduction in exon11 containing transcripts was observed relative to total Nrxn2a in Smn 2/2 ; SMN2 postnatal day 2 spinal cords ( Fig. 6J ; 77.76+0.8%; t ¼ 27.68, df ¼ 1, P ¼ 0.0230; n ¼ 2). Together, this suggests altered splicing of Nrxn2a also in the spinal cord of SMN-deficient mice. 
DISCUSSION
Two main hypotheses have been discussed in the past to explain how reduced levels of ubiquitously expressed SMN lead to MN-specific degeneration observed in SMA. Several studies proposed MN-specific functions for SMN (11, 26, 27) . On the other hand, a critical role of SMN for U snRNP assembly has been established, and it was proposed that MNs are particularly vulnerable to reduced splicing efficiency (12) (13) (14) 16, 61) . This is supported by findings that the minor spliceosome and splicing of transcripts containing minor introns are significantly affected by SMN deficiency (21) . Most recently, splicing of Stasimon mRNA containing a minor intron was shown to be affected in a Drosophila model for SMA (21) . These authors showed that Stasimon is not required in MNs, but in sensory-and interneurons implying a non-cell autonomous role for SMN in neural circuit function. In the present study, we found that the transcript for nrxn2a is aberrantly spliced after SMN knock-down in zebrafish. Interestingly, nrxn2 does not contain minor introns and there was no obvious enrichment of minor intron containing transcripts in our approach. From the overlapping pool of transcripts identified, the percentage of annotated transcripts containing minor introns that were significantly deregulated was only 0.68%. This suggests that mis-splicing of transcripts processed by the major spliceosome can also contribute to MN defects under SMN deficiency. The nrxn2a mRNA is present in MNs as well as other neuronal cells, and displayed reduced expression and altered splicing patterns upon SMN deficiency in both zebrafish and mouse. Using live Ca 2+ imaging in zebrafish, we show that a knock-down of nrxn2a leads to reduced excitability of motor axons. This establishes nrxn2a, encoding a presynaptic axonal membrane protein, as a novel downstream target of SMN.
Identification of novel candidates implicated in SMA phenotype
We used transcriptome analyses in zebrafish to identify transcripts that are down-regulated in embryos with reduced SMN and Gemin2 activities. Whole embryos rather than isolated MNs were used in this approach to take into consideration transcripts expressed in non-MN cell types that could potentially mediate non-cell autonomous effects. We chose an unbiased approach by extending the search beyond U12 intron containing transcripts, and screened for genes down-regulated under both SMN-and Gemin2-deficient conditions. SMN and Gemin2 interact closely during U snRNP assembly and a deficiency in either factor results in MN defects (19) . We identified a total of 737 transcripts that were down-regulated in both types of morphants. This number was narrowed down by shortlisting transcripts for which neuronal expression or function has been described previously. Besides nrxn2a, we also identified syn2b and hlxb9lb (Table 1 ; and data not shown). Both genes are highly expressed in MNs and strongly down-regulated under SMN-and Gemin2-deficient conditions. Interestingly, knock-down of syn2b and hlxb9lb resulted in similar motor axon truncations and branching phenotypes as observed upon SMN knock-down (Supplementary Material, Fig. S5 ; and data not shown). This suggests that the approach we have chosen is suitable for identifying genes with important functions in motor axons. Future studies will be required to investigate whether other candidate genes identified in our approach are aberrantly spliced in SMN morphants.
nrxn2a was strongly down-regulated in SMN morphants, with clear differences in the extent of down-regulation for two analyzed isoforms, nrxn2aa and nrxn2ab (Table 2) . Nrxn genes encode for neuronal pre-synaptic membrane proteins (48, 50) , which play important roles in mediating cell adhesion at the synapse (42), synapse formation and development (62, 63) and in triggering neurotransmitter release at the NMJ synapse (43, 45) . All classes of neurons co-express multiple Nrxns in different permutations and ratios, and isoform-specific expression and alternative splicing are highly regulated (50) . In zebrafish, we identified isoform-specific differences in the expression patterns of nrxn2aa and nrxn2ab. This suggests that nrxn2aa and nrxn2ab have different regulation and possibly different functions. It has been reported that the a and b isoforms of Nrxn have different expression patterns in rat neurons and are expressed independently of each other, due to the use of two independent promoters (50) . We found that the expression of nrxn2ab is stronger and more uniform than the expression of nrxn2aa in the spinal cord. This is consistent with the finding that the rat Nrxn2b isoform exhibited a more uniform expression pattern compared with the Nrxn2a isoform, which appeared to be highly expressed only in selective cell types (50) .
Changes in alternative splicing patterns of nrxn2a upon SMN depletion
We observed a change in alternative splicing patterns of nrxn2aa at alternative splice site SS3 when SMN levels were reduced in either zebrafish or mouse. The observed exon 12 skipping at SS3 of nrxn2aa in zebrafish, respectively, exon 11 in mouse is consistent with the skipping of exon 11 of similar length at SS3 of its ortholog Nrxn2a in rat (51) . Notably, the increase in exon skipping at SS3 has been reported to be Ca 2+ dependent and modulated by depolarization of neurons, suggesting that the alternative splicing pattern of nrxn2aa could be dependent on the level of neuronal activity (51) . Accordingly, these splicing changes could be a consequence and not necessarily the cause of the observed reduction in evoked Ca 2+ influx under SMNdeficient conditions. This would be consistent with the observation that altered Nrxn2a splicing in the mouse is only detectable postnatally, when the frequency of MN firing increases in controls. It thus remains to be shown whether a SMN deficiency affects splicing of Nrxn2a directly or indirectly via reduced Ca 2+ influx, or a combination of both. Neuronal activity-dependent splicing at SS4 of Nrxn1 by SAM68 is known to regulate inclusion or exclusion of exon 20, which displays different binding affinities to postsynaptic partner neuroligin 1B (58, 59) . It is possible that the exclusion of exon 12 at SS3 of nrxn2aa is modulated by similar mechanisms mediated through other proteins such as neuron-specific polypyrimidine tract binding protein, which was shown to play a role in nrxn2a alternative splicing at SS4 (60) . The SS3 alternative splice site is found within the fourth extracellular LNS domain of nrxn2aa, which is important for binding to postsynaptic partners at the synapse (39, 42) . The essential role of Nrxn in triggering neurotransmitter release at synapses depends on its extracellular structure (44) . It is therefore possible that the exclusion of zebrafish exon 12, respectively, mouse exon 11 at SS3 changes the binding properties and thus modulates synaptic coupling properties (51) . We thus hypothesize that reduced SMN levels affect nrxn2aa alternative splicing patterns, which consequently compromises the levels of intracellular Ca 2+ within the pre-synaptic axon terminal and neuronal activity at the synapse.
Importantly, we observed that co-injection of nrxn2ab mRNA partially rescues the MN defects caused by SMN deficiency (Fig. 4) . Surprisingly, the knock-down of Gemin2, which interacts with SMN during U snRNP assembly (14, 15) , did not change alternative splicing of nrxn2aa at SS3 with similar efficiencies. This suggests that the particular pattern of alternative splicing observed in nrxn2aa is specific for the knock-down of SMN. These findings uncover a direct link between nrxn2a missplicing in SMN-deficient models and MN defects. Technical limitations prevented us to test the interesting possibility that full-length nrxn2aa alone or in combination with nrxn2ab can further improve the rescue efficiency. However, we believe that a complete rescue of SMN deficiency by nrxn2a alone is unlikely as other mis-splicing events affecting additional targets are expected to contribute to the SMN-deficient phenotype, as has been recently demonstrated for Stasimon (21).
Defective Ca 21 influx in zebrafish nrxn2a morphants, Nrxna knock-out mice and SMA mouse models
We found that the knock-down of nrxn2a does not lead to complete axon outgrowth defects. Instead, truncated axons are still able to extend ventrally toward their muscle target, however, with a significant delay. The axons pause at the choice point for a longer duration than normal axons. This phenotype is similar to that observed after SMN knock-down in zebrafish, where the truncated CaP axons are also able to extend toward their ventral target after pausing at the choice point and before eventually becoming branched at later time points (56) . Albeit speculative, it is tempting to suggest that the delayed outgrowth is attributed to defects in the early stages of maintenance of the NMJ synapses.
In SMA mouse models, electrophysiological recordings of tissue slices from sacrificed animals provided evidence for presynaptic defects in MNs, such as abnormal synaptic transmission (28, 29) and intraterminal Ca 2+ level alterations during repetitive stimulation (31) . Furthermore, Ca 2+ imaging demonstrated the reduced excitability of motor axons in a zebrafish model of SMA in vivo (See and Winkler; HMG under revision). In the present study, we report similar changes in the excitability of the pre-synaptic axon terminal under nrxn2a-deficient conditions. In mice, there are striking similarities in phenotypes between SMA mouse models and the triple Nrxna knock-out (Nrxna KO) mouse (43, 44) . Both mouse models display impaired synaptic transmission, reduced evoked transmitter release, and reduced quantal content at NMJ synapses (28, 29, 31, 44, 45) . In addition, the Nrxna KO mice exhibited low postnatal survival rates and displayed breathing difficulties such as irregular respiratory rhythms in either single, double or triple knock-out mice (43) . Abnormal breathing patterns such as smaller ventilation volume, increased breath duration and increased apnea frequency were also observed in SMA mouse models (64) . The compromised synaptic transmission and neurotransmitter release would likely affect the release of synaptic vesicles critical for neurotransmission involved in breathing and locomotion that could lead to the respiratory failures observed. Of note, in human patients of type I SMA, progressive respiratory failure often leads to death within the first 2 years (1). Taken together, it is plausible to hypothesize a possible link between SMN deficiency and affected levels of Nrxn2 activity in SMA.
In support of this, we found a strong down-regulation of Nrxn2a in MNs isolated from SMA mice (Smn 2/2 /SMN2) when compared with controls (Smn +/+ /SMN2). This demonstrates that the expression of Nrxn2 is affected in MNs in a mammalian model of SMA, consistent with findings from the zebrafish SMA model. We note that altered expression and splicing changes of Nrxn2a are only observed at later stages, when MNs are differentiated and form functional synapses with skeletal muscle, but not at early embryonic stages. This defect only occurs after neurons have progressed in their differentiation program toward maturation of neuromuscular synapses and have received afferent synaptic inputs from the spinal cord. This progressive change in alternative expression of Nrxn2 isoforms is coincident with the onset of the early symptomatic stage at postnatal day 2 in SMA mice, suggesting that there could be a correlation between the extent of severity with the extent of altered expression patterns. Interestingly, we found a different regulation of a-and b-isoforms in zebrafish and mouse. In zebrafish, both isoforms were down-regulated under SMN-deficient conditions. Possible explanations for this down-regulation could be either aberrant splicing and subsequent NMD, or indirect effects on the regulation of the two promoters driving transcription of the a-and b-isoforms. In the mouse SMA model, we, however, did not observe any significant change in the level of Nrxn2b transcripts. Future studies need to show whether the down-regulation of Nrxn2a transcripts in SMA mice is caused by aberrant splicing and NMD or represents an indirect effect.
In conclusion, we propose that Nrxn2a acts as a novel downstream candidate of SMN involved in the pathomechanism of SMA. We show that SMN deficiency leads to altered splicing and down-regulation of Nrxn2a in MNs and possibly other cell types. Furthermore, we demonstrate that a reduction of nrxn2 levels in zebrafish affects motor axon outgrowth and excitability and phenocopies a SMN knock-down. Further validation of our microarray screen will likely reveal more candidates, furthering our understanding of the pathomechanisms of SMA.
MATERIALS AND METHODS
Maintenance of zebrafish and mice
All zebrafish were raised and maintained in compliance with approved protocols and National University of Singapore (NUS) Institute of Animal Care and Use Committee (IACUC) guidelines (protocol numbers 075/07; 082/10; BR19/10). HB9:mCherry and HB9:D3cpv/MN transgenic fish were generated and maintained as described (See and Winkler; HMG under revision). The HB9 promoter was kindly provided by Dirk Meyer (University of Innsbruck). Smn 2/2 /SMN2 mice (low copy) used in this study are described in (7) and were bred on a FVB/NCrl background.
Microarrays
Microarrays were performed as previously described (65) with six-independent batches of samples each for SMN MO injected, Control MO injected and seven independent batches for Gemin2 MO injected used as biological replicates. Briefly, 10 mg total RNA extracted from SMN MO, Gemin2 MO-and Control MO-injected whole zebrafish embryos at 48 hpf was used for reverse transcription (RT) reaction to produce amino allyl labeled cDNA (aa-cDNA). Purification of neutralized aa-cDNA was performed by centrifugation in Microcon YM30 column, before fluorescent labeling with mono-functional NHS-ester Cy3 and Cy5 dyes (Amersham Biosciences, UK). Fluorescent aa-cDNA was quenched and QIAquick PCR purification kit (Qiagen) was used for purification. Arrays were hybridized overnight at 428C using Micro Array User Interface (MAUI) hybridization stations (BioMicro). Scanning of the arrays was performed using the GenePix Pro 4.0 image analysis software on a GenePix 4000B microarray scanner (Axon Instruments, CA, USA). 16 bit TIFF files generated from the scans were used for gridding to separate the spots. Microarray data were analyzed using the GeneSpring GX v10.0 Mac software. Date with fold changes of .2.0 and P values ,0.05 were considered for statistical analyses. False discovery rate control using BenjaminiHochberg was applied as multiple test correction to minimize possibility of false positives. Hierarchical clustering analysis of the changes in expression levels showed consistency across the biological repeats. Microarray data have been uploaded to NCBI GEO database with accession number (GSE47001).
RNA in situ hybridization and immunohistochemistry
A 719 bp coding sequence present in nrxn2a exon 15 to exon 17, which is unique for the nrxn2aa isoform (transcript ENSDART00000087657) was amplified with Phusion polymerase (Finnzymes) and cloned into TOPO w BLUNT pCRII vector (Invitrogen). For nrxn2ab, a 836 bp region present in the 5 ′ untranslated region and exon 1, which is specific for the nrxn2ab isoform (transcript ENSDART00000087660) was used. Nonfluorescent and fluorescent in situ hybridization was done as described (66) with minor modifications. Prior to rehydration, embryos were incubated in 3% H 2 O 2 /MeOH for 20 min to inactivate endogenous peroxidase activity. Hybridization was performed in 50% formamide, 5× SSC, 50 ng/ml heparin, 0.5 mg/ ml Torula RNA (Sigma), 0.1% Tween20 and 9 mM citric acid (pH 6.0 -6.5). The Tyramide Signal Amplification TSA TM PLUS Fluorescein and Tetramethylrhodamine kit (PerkinElmer) was used for detection. For double labeling of RNA and protein, fluorescent in situ hybridization was performed first, followed directly by whole mount immunohistochemistry. The following primary antibodies were used: rabbit a-GFP polyclonal (1:500, Abcam, USA), mouse a-Islet1/2 monoclonal (39.45, 1:500, DSHB, USA), mouse a-synaptotagmin2 monoclonal (znp1, 1:100, ZIRC, USA). As secondary antibodies, a-rabbit Alexa488 (1:1000), a-mouse Alexa633 (1:500), a-mouse Alexa488 (1:200; all Molecular Probes, Life Technologies, USA) were used.
Morpholino knock-down and rescue experiments
MOs were obtained from Genetools, USA. Mismatch control MOs (MM) contain five C-G base substitutions. MOs were injected at a concentration of 3.125 mg/ml into one-cell stage embryos, unless stated otherwise. RT -PCR with primers flanking the targeted splice sites was used to detect changes in splicing patterns after MO injection. Increase in product size suggested intron retention, a decrease suggested exon skipping and use of an alternative splice donor/acceptor resulted in a different band size depending on the splice site in question. PCR products were sequenced to confirm fragment identity. ImageJ was used to quantify and compare relative changes in normalized expression levels.
For rescue, full-length cDNAs for zebrafish smn and nrxn2ab were amplified with Phusion TAQ polymerase (Finnzymes) and cloned into TOPO blunt pCRII (Invitrogen), before subcloning into pCS2P+. Capped mRNAs were in vitro transcribed using the mMESSAGE mMACHINE Sp6 kit (Ambion) as described previously (67) . As the SMN MO targets the ATG start codon, the forward primer was designed (Supplementary Material, Table S2 ) to introduce mutations in the third codon position ('wobble bases') and prevent binding of the SMN MO to the exogenous SMN mRNA. The cloned full-length SMN mRNA sequence contained the entire coding sequence of transcript ENSDART000000028099 with wobble base mutations in its 5 ′ region. Full-length nrxn2ab cDNA was cloned, according to transcript ENSDART00000132583 without modifications as the mature mRNA is not affected by the used nrxn2a splice MOs. Assessment of rescue was done by the quantification of percentage of embryos displaying CaP axon phenotypes in at least three-independent biological replicates.
Mouse MN cell culture
Lumbar spinal MNs were isolated from E13.5 Smn 2/2 /SMN2 mouse embryos as previously described (68) with minor modifications. The spinal cord was dissected and collected in HBSS, then trypsinized (0.1% Trypsin in Ca 2+ -Mg 2+ -free buffer) for 15 min at 378C, and MNs were enriched by panning using an antibody against the p75 NTR receptor. Enriched MNs from each embryo were plated in a single well of 24-well dish (Nunc) precoated with polyornithine and laminin (Invitrogen). Neurons were grown in neurobasal medium with 2% B27 supplement (Invitrogen), containing 500 mM GlutaMAX (Invitrogen), 2% horse serum (Linaris) and the neurotrophic factor BDNF (5 ng/ml) at 378C and 5% CO 2 . Culture medium was changed on Day 1 and then every second day. Genotyping was performed from corresponding embryos after dissection of spinal cords.
Laser capture microdissection
Laser capture microdissection (Leica DM6000B laser microdissection system) was applied to isolate MN cell bodies from the spinal cord of 2-day-old postnatal mice. The lumbar spinal cord were embedded in optimum cutting temperature compound (Tissue-Tek) and immediately immersed in isopentane, chilled in liquid nitrogen for rapid freezing. About 100-150 crosssections of 15 mm thickness were prepared from each spinal cord on a Leica cryostat, transferred to 0.9 mm POL membranes (Leica) and stained in Cresyl Violet solution. A total of 1500 -2000 MN cell bodies were dissected from each spinal cord and collected in RNA lysis buffer. The total RNA was purified from the samples (69) and real-time RT -PCR was performed. To compare expression levels of Neurexin2a in wild-type versus SMN MNs, GAPDH expression served as denominator and relative expression was calculated.
Real-time qRT -PCR
20-30 zebrafish embryos per sample at 48 hpf were stabilized in 100 ml of RNAlater RNA stabilization reagent (Qiagen) and kept at 2808C prior to RNA extraction using the RNeasy kit (Qiagen). All RNA samples were subjected to DNase I digestion to eliminate traces of genomic DNA. Samples were then subjected to a second round of RNA cleanup. RNA was reversed transcribed using the Revertaid first strand cDNA synthesis kit (Fermentas).
For the zebrafish transcripts, qRT -PCR reactions were performed in MicroAmp w 96-well plates (ABI) with a Applied Biosystems 7000 thermal cycler (ABI) using the ABI Prism 7000 SDS software (ABI) with the following thermal cycler conditions. Samples were heated at 508C for 2 min, at 958C for 10 min, followed by 40 cycles of 958C at 15 s and 608C at 1 min per cycle. Post-run dissociation melting curves were checked for the presence of single dissociation peaks to confirm specificity. Non-template control and minus RT (-RT) controls were included to exclude genomic DNA contamination. The housekeeping gene gapdh was used for normalization and at least three technical and three biological replicates were analyzed. Comparison of gene expression levels in SMN MO relative to Control MO were performed using the relative quantification mode in the Prism7000 software and filtered based on fold change .1.5 and P -value ,0.05.
To characterize alternative splicing patterns of zebrafish nrxn2aa by semi-quantitative RT -PCR, primers were designed to bind to exon 11 and exon 14 at the SS3 splice site in nrxn2aa (Supplementary Material, Table S2 ). The four possible splice products contain exons 11,12,13,14 (344 bp), exons 11,12,14 (335 bp), exons 11,13,14 (317 bp) and exons 11,14 (308 bp). The exons 11,12,14 product (344 bp) and exons 11,14 product (308 bp) were cloned and sequenced. A 3% TAE/agarose gel was used for better resolution.
For mice, lumbar spinal cords were dissected from mouse embryos or 2-day-old postnatal mice and immediately frozen in liquid Nitrogen. QIAshredder (Qiagen) was used to homogenize the spinal cords. RNA was isolated using the RNeasy Plus-Mini-Kit (Qiagen) and reverse transcribed using the Invitrogen Superscript III reverse transcriptase kit according to the manufacturer's instruction. qPCRs were run on a Lightcycler 1.5 (Roche) using FastStart DNA master SYBR green1 reagents. Relative expression levels were calculated with offline analysis and control for efficiency. Intron-spanning primers were selected with the Oligo 6.0 software (MedProbe) and PCR conditions, primer concentration and MgCl 2 concentration were optimized. PCR products were analyzed by gel electrophoresis, melting curve analysis. To characterize alternative splicing patterns, primers were designed to bind to exon 10 and exon 13 at the SS3 splice site in mouse Nrxn2a. The four possible splice products contain exons 10,11,12,13 (121 bp), exons 10, 11,13 (112 bp), exons 10,12,13 (94 bp) and exons 10,13 (85 bp). A 3% TAE/agarose gel was used for better resolution. Used primers are listed in Supplementary Material, Table 2 .
The real-time qRT-PCR cycle conditions for the mouse transcripts were as follows: kinetic cycle conditions in four segments: Live Ca 2+ imaging in HB9:D3cpv/MN embryos was performed as described (See and Winkler; HMG under revision). Briefly, 31 hpf live zebrafish embryos were manually dechorionated and anesthetized in 0.05% tricaine solution (Sigma Aldrich, USA) before embedding in 1.5% low melting point agarose (Bio-rad, USA) on a coverslip bottom petridish (Iwaki, Japan). For image acquisition, an UltraVIEW VOX live imaging system (Perkin Elmer, USA) consisting of a spinning disk confocal system on an inverted microscope IX 81 (Olympus, Japan) and a high sensitivity C9100-13 EM-CCD camera (Hamamatsu, Japan) with a 40×/1.15 water objective (Olympus, Japan) was used; 512 × 512 pixel images were typically acquired at 2.5 fps over a 30 s time interval with exposure time of 50 ms, gain setting of three and sensitivity setting of 190; 6 mW of laser excitation at 440 nm from a solid state diode laser with diode module was used and emission filters of 587/ W125 and 485/W60 were used for collection of FRET and CFP emission respectively; 1 ml of 1 mM l-glutamic acid potassium salt monohydrate, K + Glutamate, (G1501, Sigma, USA) was carefully added to elicit the evoked Ca 2+ response without introducing movement artifacts or focus drift. The Volocity 5.3.1 (Mac) software was used for image acquisition and images exported were analyzed with ImageJ 1.44d (Mac) using the plugins MultiStackReg v1.45 and Ratio Plus as described (70) . To eliminate possible imaging artifacts due to noise or registration issues, background correction was performed using rolling ball algorithm. Registration correction was performed using MultiStackReg to align the FRET and CFP images before the generation of FRET/CFP ratio images using Ratio Plus. A lookup table (16_colors) was applied to generate pseudo colored images to facilitate visualization of evoked changes. The area of the Regions of Interest (ROIs) used in the analysis of the pre-synaptic axon terminal was 4.241 mm 2 , which was kept constant for comparison across samples. The background corrected FRET/CFP ratio (R) was determined from the final FRET/CFP ratio images generated and the following formula was applied in the calculation of the relative change in R, (%DR/R o ) (71) . %DR/R o was calculated using the difference in magnitude of R from the average of the baseline period (R o ), which is defined as the interval before the addition of stimulant at 5 s.
Unless otherwise stated, statistical analyses were performed using GraphPad Prism 5.0a (Mac). For comparisons between three or more groups, one-way ANOVA was performed followed by Tukey's Multiple Comparison post hoc test to check for statistically significant differences in mean between the different groups. For comparisons between two groups, unpaired Student's t-test was performed. All data are presented as means + SEM, with P values displayed as appropriate (P . 0.05 n.s. , P , 0.05 * , P , 0.01 * * , P , 0.0001 * * * ).
